Abstract. The plasma transport processes by which externally applied resonant magnetic field perturbations (RMPs) mitigate or suppress edge localized modes (ELMs) in low collisionality tokamak H-mode plasmas are explored. Experimental data from DIII-D indicates the dominant RMP-induced transport occurs at the pedestal top where electron temperature gradient scale lengths increase up to 3 times more than density gradient scale lengths. The increases scale approximately with the square of the strength of the RMPs. Since flow screening is predicted to inhibit magnetic island formation and magnetic stochasticity, a plasma transport model that does not depend on stochasticity is apparently needed. Thus, a basic magnetic-flutter-based cylindrical screw pinch model theory of plasma transport is developed. A key attribute of this new model is that while RMP-induced radial magnetic perturbations can be significantly reduced on rational surfaces by flow screening, they induce spatial magnetic flutter away from them and thereby can cause substantial radial plasma transport. The plasma transport predictions of this spatial flutter model are compared with the DIII-D transport data.
Introduction
The desirable high-(H-) modes of plasma confinement in toroidal magnetic systems have large plasma gradients in their edge pedestals (outer few % of the plasma radius). These edge gradients usually increase with time until the ideal magnetohydrodynamic (MHD) peeling-ballooning (P-B) instability criterion [1] - [4] is exceeded and an edge localised mode (ELM [5, 6] ) is precipitated. ELMs abruptly and repetitively reduce the edge plasma gradients and deposit intense pulses of hot plasma onto solid materials (usually divertor plates) outside the plasma confinement region. ELMs are particularly problematic [7] for projected high performance fusion plasmas in ITER [8] .
Pioneering experiments [9] - [12] in DIII-D have used edge resonant magnetic perturbations (RMPs) to mitigate and often suppress ELMs. As discussed in the next section, in low collisionality ITER-relevant plasmas they do so [11] primarily by reducing the plasma pressure gradient in the vicinity of the top of the H-mode pedestal. The reduced pressure gradient there avoids breaching the P-B instability boundary and precipitating ELMs. Key contributors to reducing the pressure gradient in the RMPsuppressed DIII-D discharges [11] are "density pumpout" in the edge region and a large reduction in the electron temperature gradient at the pedestal top -see section 2. The largest RMP-induced electron temperature changes occur in narrow "resonant" windows [12] of "safety factor" values at the normalized poloidal magnetic flux location Ψ N = 0.95, which is denoted by q 95 .
The physics of how RMPs reduce the pressure gradient at the pedestal top to suppress ELMs is not presently understood. A working hypothesis [11] is that multiple RMPs induce overlapping magnetic islands in the edge that cause magnetic stochasticity and enhanced plasma transport there. The sensitivity of RMP effects to field line pitch (q 95 ) resonances [9] - [12] and the striated density flux profiles on divertor plates are in qualitative agreement with this model. However, extended MHD modelling [13, 14, 15] usually predicts that extant edge plasma toroidal flows prevent "penetration" of resonant RMP fields and thereby inhibit magnetic reconnection, island formation and stochasticity, particularly at the top of the pedestal where the P-B instability drives may be largest. This paper develops and tests an alternative theory of the effects of RMPs on low collisionality pedestals. It is based on the enhanced radial plasma transport induced by the three-dimensional (3D) spatial "magnetic flutter" effects [16] of RMPs. In the flutter model the irreversibility needed for plasma transport is produced not by magnetic stochasticity [17] but by electron Coulomb collisions [18] . Small radial magnetic perturbations δB r can easily modify radial electron heat transport because plasma transport is much faster along magnetic field lines than perpendicular to them. In the flutter model [16] the very large collisional parallel electron thermal diffusivity [18] χ e along the RMP-induced 3D field causes a spatially fluttering parallel electron heat flux and consequently a radial electron thermal diffusivity of χ [19] . Most previous modelling studies of the plasma response to RMPs [20, 21] have used the four-field reduced MHD model [22, 23] which does not include the parallel electron thermal flux and consequent magnetic flutter effects. A recent study [24] added parallel electron energy transport effects and explored numerically the possible effects on the electron density and temperature profiles in the vicinity of a 2/1 core resonant surface of an externally-imposed single helicity magnetic perturbation. Possible additional effects of drift-wave microturbulence [25] are neglected in this paper because the emphasis here is on electron collisional effects of RMPs on pedestal plasma transport.
This paper is organized as follows. Section 2 presents some key parameters and properties of RMP effects on the electron temperature and density profiles in the edge of DIII-D H-mode plasmas [11] . Particular parameters at Ψ N = 0.95 for a specific DIII-D discharge (#126440) in which RMPs suppress ELMs are discussed there; they will be used to illustrate relevant scale lengths and model predictions in the remainder of the paper. The next section discusses flow screening effects on the RMP-induced magnetic field structure and the resultant RMP effects within the edge plasma. Section 4 develops a cylindrical screw pinch model for the magnetic-flutter-induced electron parallel flow and heat flux, and concomitant radial electron transport caused by RMPs. Section 5 compares the predictions of this model to the DIII-D experimental results presented in section 2. It also discusses this model's key characteristics, what needs to be done to test it further and its possible application to higher collisionality pedestals. The final section summarizes the results and the model's implications for RMP-induced effects on plasma transport in tokamak H-mode pedestals.
RMP effects on pedestals in DIII-D
Plasma transport properties for a typical DIII-D H-mode pedestal are discussed in detail in [19] . The effects of RMPs in the plasma edge will be illustrated for the ITER similar shape (ISS) low collisionality discharges in Ref. [11] . Plasma profiles of the electron density n e and temperature T e , and ion temperature T i , and their gradients for this set of discharges with RMP-inducing I-coil currents of 0.0, 4.0, 4.8, 5.2, 5.8 and 6.2 kA are described in Ref. [26] . The radial coordinate used in displaying the profiles there and the remainder of this paper is the normalized poloidal magnetic flux: Ψ N ≡ ψ p /ψ p (sep), which is zero at the magnetic axis and unity at the separatrix. Figures 1 and 2 show the electron density and temperature profiles before and after RMPs are applied to an ISS plasma in DIII-D [11] by an I-coil current of 5.2 kA. Several features of the changes in the n e and T e profiles induced by the RMPs are noteworthy: 1) in the steep gradient region near the separatrix (i.e. for 0.975 < ∼ Ψ N < ∼ 1) the RMPs reduce (the magnitude of) the n e gradient but increase the T e gradient, 2) the largest RMP-induced decreases in the n e , T e gradients occur in the pedestal top region (0.94 < ∼ Ψ N < 0.975), and 3) the n e , T e gradients are not changed much as one moves towards the core region (Ψ N < ∼ 0.9). These features are illustrated directly in Fig. 3 which plots the ratios of electron density n e and temperature T e gradient scale lengths with RMPs to those without them. The error bars on the n e gradient scale lengths have been estimated to be less than 10% [27] and are likely similar for the T e gradient scale lengths. The RMPinduced increase in the density gradient scale length L n ≡ − [d ln n e /dρ] −1 (decrease of the electron density gradient) throughout the edge region is indicative of the "density pumpout" that is usually induced by RMPs in low collisionality DIII-D plasmas [11] . The variable ρ ≡ ψ t /πB 0 is the toroidal-magnetic-flux-based radial coordinate. The RMP-induced increase in the T e gradient scale length L T e ≡ − [d ln T e /dρ] −1 (decrease in the T e gradient) is even larger throughout most of the edge -except for Ψ N > ∼ 0.984 where it actually decreases (i.e. T e profile steepens). Note that as Ψ N decreases toward 0.9 the gradient scale length ratios approach unity. This indicates a transition to the core plasma where the RMPs cause much smaller changes.
In the pedestal top region (0.94 < ∼ Ψ N < 0.975) the increases in the T e gradient scale lengths are up to about three times the n e gradient scale length changes. In contrast, in the steep gradient region of the pedestals (0.975 < ∼ Ψ N < ∼ 1) the changes in the gradient scale lengths are quite different -L T e decreases while L n increases and L T e becomes about 1/3 of L n . These inverse relationships between the T e and n e gradient scale length changes induced by RMPs at the pedestal top and in the steep gradient region indicate that the dominant RMP-induced plasma transport processes are probably different in these two regions.
The changes in the T e and n e gradient scale lengths induced by RMPs are indicative of changes in the effective diffusivities for radial electron heat and density transport. In the edge region the effective electron thermal diffusivity is defined by [19] χ eff e ≡ P cond (ρ)/[V |∇ρ| 2 (−n e dT e /dρ)]. Here, V ≡ dV /dρ in which V (ρ) is the volume of the ρ flux surface. Thus, to the extent that the conductive electron power flow P cond and electron pressure p e ≡ n e T e are not changed too much by the RMPs, the ratio of the T e gradient scale lengths with (RMP) to without (sym) RMPs is
A similar relation is obtained for the ratios of the n e gradient scale lengths. It is approximately (D sym + D RMP )/D sym to the degree that the electron density n e and radial density flowṄ (ρ) [19] (primarily from core fueling by energetic neutral beams at the pedestal top) is roughly constant. The edge fueling and electron density and pressure vary by less than a factor of about two over most of the edge region.
As shown in Fig. 3 , applying RMPs increases the T e gradient scale length by a factor < ∼ 7 and and the n e gradient scale length by < ∼ 3 at the top of the pedestal (0.9 < ∼ Ψ N < 0.975). These increases indicate the effective electron thermal and density diffusivities increase by almost the same factors, i.e. < ∼ 6 and < ∼ 2. The electron thermal diffusivity profile with RMPs obtained from ONETWO interpretive transport modelling [19] (after dividing by the factor |∇ρ| Fig. 3 . Also, for the two discharges in Fig. 3 Fig. 3 . At this same flux surface the ion thermal diffusivity is smaller and does not increase as much: (χ
The radial location of the rational surfaces of relevant components of the RMP fields are indicated in Fig. 3 . The 5.2 kA I-coil current produces a vacuum radial magnetic perturbation δB vac ρ 11/3 at the q = m/n = 11/3 rational surface of about 6.9 × 10 −4 T. Since the toroidal field in these DIII-D ISS discharges was B 0 2.1 T, this yields δB vac ρ 11/3 /B 0 3.3 × 10 −4 . The vacuum RMPs at the other rational surfaces indicated in Fig. 3 differ by less than 15% from the magnitude of the 11/3 RMP component. Figure 3 shows that the maximum RMP-induced inceases in the T e and n e gradient scale lengths occur just inside the 11/3 rational surface, near Ψ N 0.955 for this 5.2 kA I-coil case.
The ratios of the T e and n e gradient scale lengths with to without RMPs increase with the I-coil current. Specifically, as shown in Fig. 4 , the least square fits of the peak gradient scale length ratios increase approximately as the square of the I-coil current (or δB vac ρ m/n ). The larger scatter in the L T e ratio data could be due to the sensitivity of the RMP-induced effects on the T e profiles to the q 95 resonance conditions [12] since the location of peaks in the T e gradient scale length ratios increase slightly with I-coil current -from Ψ N 0.945 at 4 kA to Ψ N 0.97 for 5.8 kA while the radial position of the Ψ N = 0.95 surface varies by less than 3%. Since the slope of the peak L T e ratio is more than three times that of the peak L n ratio, apparently D RMP /χ RMP e < ∼ 1/3 in the vicinity of Ψ N ∼ 0.95.
In the following sections pedestal plasma and tokamak device parameters will be needed to estimate various physical processes. The needed parameters will be summarized here for the 5.2 kA I-coil RMP case at the radial position Ψ N 0.95, which is where Figs. 1-3 show RMPs have their largest effects on the plasma gradients. This is also the reference radial position of q 95 ≡ q(Ψ N = 0.95). At this position the corresponding toroidal-flux-based normalized radial coordinate ρ N ≡ ρ/a 0.93, in which the average radius of the separatrix in this discharge is a 0.79 m. For the 5.2 kA I-coil case [11, 26] , at this radial position T e 1130 eV, n e 2.5 × 10 19 m
and Z eff 1.7. The collisional (Braginskii [18] ) parallel electron thermal diffusivity scales as χ e v 2 T e /ν e = ν e λ 2 e . Here, v T e ≡ 2T e /m e is the electron thermal speed,
is the electron collision frequency and In terms of the average radial distance ρ, the distance between the q = 10/3 and 11/3 rational surfaces in Fig. 3 is 1/nq 2.8 cm. However, because of the Shafranov-shift-induced compression of the flux surfaces, the physical distance between these surfaces on the outboard midplane is about half that distance.
Flow screening effects on RMP-induced magnetic fields and the plasma
A working hypothesis for how RMPs stabilize ELMs is [11] that the δB ρ m/n components they induce are large enough to cause overlapping magnetic islands in the edge plasma and hence stochastisation of the magnetic field there. In a local cylindrical model the magnetic island width is W 4 δB r m/n L S /B 0 k θ (see for example Ref. [29] ) in which k θ ≡ m/r. For the 5.2 kA I-coil case being considered here, using the vacuum δB vacuum magnetic field radial perturbation strength would cause overlapping magnetic islands and hence magnetic field stochastisation in the edge of this plasma. However, extant toroidal plasma flow in the plasma edge can cause "flow screening" of the RMP-induced magnetic fields within the plasma [32] . If there is no flow, externally applied magnetic perturbations cause "vacuum" magnetic islands to develop at rational flux surfaces in toroidal plasmas. However, flows in the plasma can "heal" (reduce the width of) the magnetic islands [33] . If there is a very large toroidal plasma flow, the radial perturbations δB ρ m/n must vanish on their respective axisymmetric rational flux surfaces. This is usually what is obtained in ideal MHD models with toroidal flow. When dissipative effects such as plasma resistivity and viscosity are allowed for along with toroidal flows, RMP fields can "penetrate" the edge plasma, there is some reconnection of the magnetic field lines on the rational surfaces and the δB pl ρ m/n is finite there. Here, the superscript pl indicates including plasma response effects.
Flow-screening effects have been simulated for DIII-D H-mode plasmas for a resistive MHD model using the MARS-F code [13, 14] ; they are illustrated in Fig. 5 for (a) m/n = 10/3, 12/3 and (b) m/n = −10/3, −12/3. Figure 5 (b) (right side) shows the non-resonant (i.e. q = m/n, because m is negative), reverse-helical-pitch components.
They are approximately equal to the vacuum field perturbations because there are no significant plasma response effects on non-resonant field components. On the other hand, Figure 5 (a) (left side) shows that the resonant components are strongly screened by the (toroidally flowing) plasma response at their rational surfaces, particularly as the plasma resistivity (the ηe label) decreases and approaches the ideal MHD state. It is useful to quantify this process by defining a factor by which the toroidal flow reduces the RMP-induced radial magnetic perturbation at the rational flux surface where q(r m/n ) ≡ m/n:
Estimates of this factor range from ∞ for ideal MHD, > ∼ 30 for resistive MHD (for example in Fig. 5 ) to ∼ 3-5 if viscosity and two-fluid effects are included [15] . When significant flow screening occurs, the implied magnetic island width W pl W vac / √ f scr becomes less than the spacing between adjacent n = 3 rational surfaces, the Chirikov island overlap criterion is no longer satisfied and there should be no significant magnetic field stochasticity.
A thin dissipative singular layer exists around each of the rational surfaces or magnetic island separatrices in tokamak plasmas. Magnetic reconnection of field lines takes place in this layer, which is of half-width δ (∼ 0.2 cm in resistive MHD, ∼ 0.5 cm [15] in the physically-relevant visco-resistive regime [34] in DIII-D pedestals).
Outside this dissipative layer the RMP-induced radial perturbation reverts to an ideal MHD response. Thus, outside this thin layer, in a cylindrical model δB r m/n should scale as r m for r < r m/n and r −m for r > r m/n . Expanding these dependences in terms of the small distance away from the rational surface x ≡ r − r m/n , this indicates that outside the layer around each rational surface (i.e. for |x|/δ 1) the perturbation should increase linearly as |k θ x| in which k θ ≡ m/r m/n . Far away (i.e. for k θ |x| > ∼ 1) the magnitude of δB r m/n "saturates" and then reverts to its "global" MHD r ±m behaviour -e.g. for Ψ N < 0.8 and Ψ N > 0.97 for the 10/3 magnetic perturbation in Fig. 5 .
Taking account of both the flow screening effects near the rational surface and the linear growth away from the rational surface, the relative magnitude of the RMP-induced m/n perturbation in the plasma will be approximated as (for |k θ x| < ∼ 1)
The radial structure of δB pl ρ m/n reproduces key aspects of the 10/3 resonant perturbation in Fig. 5a in that the perturbation is finite at the rational surface and grows approximately linearly with distance away from it in both directions. Note however that inside the 10/3 rational surface (i.e. for Ψ N < ∼ 0.9) this resonant perturbation becomes even larger than the vacuum (reverse-pitch) perturbation, while outside it the perturbation amplitude saturates a short distance from the rational surface. These details of the spatial variations of the RMP-induced perturbations can be importantsee section 5 .
Because most of the RMP-induced δB ρ m/n components are significant throughout the edge and k θ /nq > 1, many m/n components will likely contribute to the flutterinduced radial electron heat transport at any given radius within the pedestal top region. This can be seen by comparing the radial extent of significant 10/3 and 12/3 radial magnetic components in Fig. 5 with the spacing of rational surfaces shown in Fig. 3 . Perpendicular (radial) electron heat transport in a magnetic island region competes with parallel electron heat transport along the perturbed magnetic field in determining the electron temperature profile response. Theoretically, this effect determines a radial distance [29 
is a factor of order m e /m i 1/60 smaller than χ e and the perpendicular density diffusivity is typically a factor of about 3 smaller than χ e⊥ , the corresponding critical density width W n c is about a factor of 2.1 larger than W pl ), the T e and n e profiles should not reflect the magnetic island topology very much.
Next, consider the effects of a magnetic island on the ion temperature profile. The preceding discussion focused on electron transport processes because they are the dominant transport processes along magnetic fields by a factor of m i /m e ∼ 60 1. Finite ion "banana widths," collision-induced perpendicular ion heat transport and microturbulence [25] effects, all of which have scale lengths of order 1-3 cm at the pedestal top, add additional complications and tend to smear out the effects of the magnetic island structure on the T i profile.
The net conclusion of all these theoretical considerations is that in the presence of significant flow screening effects the magnetic field induced by RMPs in the plasma mostly just non-resonantly "flutters" in space without producing strong magneticisland-type structures in the T e , n e and T i profiles. Hence, clean magnetic-island-type topologies in the T e and n e profiles are not likely to be experimentally observable in the DIII-D pedestals. The main cause of this smearing out of the magnetic island topology effects results from the substantial effects of perpendicular plasma transport on the relatively thin magnetic island structures around the 10/3, 11/3, 12/3 etc. rational flux surfaces. Thus, the "equilibrium" T e and n e profiles will be approximated to lowest order as depending only on the axisymmetric radial flux surface variable r or ρ.
Screw pinch model of RMP-induced flutter plasma transport
The magnetic-flutter-type radial electron transport induced by RMPs will be estimated by considering the effects of a small magnetic perturbation δB on the electrons in a "screw pinch" periodic cylinder magnetic field
2 ) 1/2 and B θ = (r/R 0 q)B z . Neglecting gyromotion, particle drifts and diamagnetic flows, which after Eq. (9) below will be shown to be negligible, electron guiding centers just stream along the magnetic field:
Here, the total electron (q e = − e) guiding center energy is ε ≡ m e v 2 /2 − eΦ in which Φ is the electrostatic potential. The lowest order equilibrium equation obtained using dε/dt = 0 and neglecting δB is (v /B 0 ) B 0 ·∇f e0 = C{f e0 }. Its solution is a Maxwellian that is constant along B 0 :
in which macroscopic radial (r) variations of the electron density n e and temperature T e , and the lowest order potential Φ 0 are indicated. Using d δε/dt = − e [∂ δΦ/∂t + (v /B 0 ) (B 0 ·∇δΦ)] plus negligible (in low β tokamak plasmas) δB ≡ B 0 · δB/B 0 and higher order terms arising from expanding mv 2 /2 = mv 2 /2 + µB using B ≡ |B| |B 0 + δB| B 0 (1 + δB /B 0 + δB 2 /2B 2 0 ), the first order electron DKE for δh ≡ δf e − (e/T e ) δΦ f Me is
The non-adiabatic response δh is induced by the spatial magnetic flutter [16] δB r (x, t) ≡ e r · δB of field lines radially across the plasma profile gradients:
For simplicity, a Krook model will be used for the collision operator: C{δh} − ν eff δh in which ν eff is an effective electron collision frequency. At the top of Hmode pedestals the electron collision length λ e is usually long compared to the poloidal periodicity length: λ e /(2πR 0 q) ∼ 350/37 ∼ 10 for the DIII-D pedestal top at Ψ N 0.95. Trapped electrons do not carry any parallel (to B 0 ) flow over the relevant distances (up to ∼ λ e ). Rather, only untrapped (or circulating) electrons carry the density flows and heat fluxes over these long parallel distances. For a lowest order Maxwellian distribution, the fraction of trapped particles is n t /n 0 = 1 − B(θ)/B max , which varies with the poloidal angle θ. For simplicity, it will be assumed that B(θ) B 0 (1 − cos θ). When averaged over a magnetic flux surface, the average fraction of trapped particles is n t /n 0 = (2/π) ∆B/B max + O{ 2 } in which B max B 0 (1 + ) and ∆B ≡ B max − B min 2 B 0 .
Thus, the average fraction of untrapped particles is n ut /n 0 1 − (2/π) ∆B/B max , which is about 0.55 for 0.33. Hence, an approximate effective electron collision frequency for untrapped electrons is ν eff ∼ ν e /( n ut /n 0 ) 2 , which is ∼ 3.3 ν e ∼ 2 × 10 5 s −1 for DIII-D pedestal parameters at Ψ N 0.95. The non-adiabatic response δh induced by a single m/n magnetic field component induced by the externally applied RMP will be determined first. The radial component of a resonant m, n magnetic perturbation will be represented by: δB r m/n (x, t) = δB r m/n (r) cos (mθ − nz/R 0 − ωt + ϕ mn ) = δB r m/n (r) Re e i(mθ−nz/R 0 −ωt+ϕmn) .
Here, the Fourier coefficient δB rm/n is real, ϕ mn is an arbitrary phase factor and ω represents a possible sinusoidal time-dependence. For the screw pinch magnetic field model B 0 ·∇δh = B z [∂/∂z + (1/R 0 q)(∂/∂θ)] δh. Thus, using the representation of δB r m/n in (8), the first order partial differential equation in (6) can be written in terms of its mathematical characteristic curves [electron trajectories: r = r, θ = θ
, which can be integrated to yield for the cos (mθ − nz/R 0 − ωt + ϕ mn ) part δh c of the response δh:
The initial condition is neglected on the last line because the "equilibrium" response for t 1/ν eff (∼ 0.5 µs) is desired. In (9) k (x) ≡ (B z /B 0 )(m − nq)/R 0 q is the effective parallel wavenumber in the sheared magnetic field. Close to a rational flux surface it simplifies to k (x) k x with k − nq /R 0 q = −k θ /L S for standard large aspect ratio tokamak ordering with r/R 0 q 1 so B z B 0 and(r m/n ) + x q in which r m/n is the rational surface where q(r m/n ) = m/n, x ≡ r − r m/n and q ≡ dq/dr| r m/n represents the magnetic shear.
The real frequency ω represents a combination of the Doppler frequency induced by poloidal and toroidal plasma flows relative to the laboratory rest frame, and any oscillation frequency in the I-coil current that imposes the RMPs. For example, the plasma toroidal rotation frequency at Ψ N 0.95 is Ω t 8 × 10 3 rad s −1 . Typical diamagnetic flow, curvature and grad-B electron drift frequencies are of the same order: 
Electron collisions embodied in ν eff provide the irreversibility that causes the finite parallel electron flows. Here, δ is the characteristic radial layer width which is defined in (13) n ut n 0 , c νn = 1 2
in which the n ut /n 0 accounts for the fact that only untrapped particles contribute to these parallel flows. The χ eff e is larger than the density diffusivity D eff e by a factor of c νT /c νn = 5/2 for a constant ν eff and even larger for a Lorentz-model collision frequency ν eff ∝ 1/v 3 . If ν eff is taken to be the electron collision frequency ν e and n ut /n 0 is set to unity, for |x| δ this parallel electron thermal diffusivity factor of 5/4 is close to the Braginskii [18] collisional parallel electron thermal diffusivity for which c νT = 1.6.
Since k (x) k x, the parameter that characterizes the radial extent over which magnetic flutter induces the largest parallel electron heat flux and density flow is
in which ν eff ν e / n ut /n 0 2 3.3 ν e has been used to take account of the fact that only the fraction n ut /n 0 0.55 of untrapped electrons carry these parallel flows. For the DIII-D pedestal parameters δ 0.22 cm. Since the parallel electron flow implies a parallel current − n e e δV e , this is also roughly the total radial width 2 δ η over which magnetic field lines are being reconnected in the resistive MHD model, i.e. δ ∼ δ η .
The parallel electron flow induces a radial electron density flux that is generated by the electron guiding center motion along a magnetic field B which has an in-phase spatially fluttering radial magnetic field component δB r : 
The detailed specification of χ m/n e (x) and D m/n e (x) is complicated by the fact that both of its key factors, χ eff e (x) from the combination of (10) and (11) and δB pl r m/n (x) from (3), vary rapidly with the distance x ≡ r − r m/n off the rational surface at r m/n . And their dependences cancel at large |x|. Also, the radial extent 1/k θ (∼ 6.7 cm in DIII-D pedestals) of the spatially linearly growing RMP-induced components δB r m/n is usually larger than the spacing between rational surfaces 1/nq ( 2.8 cm). Thus, typically the χ m/n e diffusivities from a number of m/n rational surfaces will overlap to produce the total RMP-induced electron heat diffusivity at a given plasma radius. Hence, the radii at which the various quantities are to be evaluated needs to be specified carefully.
In what follows the cylindrical screw pinch model minor radius r is adapted to the tokamak magnetic geometry by taking it to be the toroidal-flux-based average minor radius ρ. Substituting the approximate assumed form for δB pl ρ m/n from (3) and the result for χ eff e from (11) into (14) yields a result that can be written as χ
Here, at plasma radius ρ the reference radial electron thermal diffusivity induced by each m/n component of the RMP-induced field is in general
The reference parallel electron thermal diffusivity is
The analogous magnetic-flutter-induced radial density diffusivity D 
S . The dimensionless factor that accounts for spatial variations of both the plasmascreening of the RMP-induced fields and χ eff e for this cylindrical screw pinch model adapted to the tokamak geometry is
In this equation's second line the normalized distance from the m/n rational surface is
and the key dimensionless screening factor parameter is
The first line of (18) gives the general definition of F m/n . The approximate form on its second line uses (3); it is only valid for |x| < ∼ 1/k θ or |X| < ∼ 1/(k θ δ ), which is ∼ 30 for DIII-D pedestals, since the global MHD responses saturate and no longer increase linearly with X beyond about this distance from the rational surface.
Near the 11/3 resonance the parameter C scr in (18) is about unity for f scr 30 but about 7.6 for f scr 4 for the DIII-D pedestal parameters at Ψ N 0.95. Thus, this parameter is usually > ∼ 1. Hence, the function F m/n (X) has the following properties:
Since in the f scr = 30 case, C scr 1 and hence F m/n is spatially approximately constant. In contrast, in the f scr = 4 case F m/n varies from C 2 scr ∼ 60 on the rational surface to unity far away, which implies that χ mn e is very large near the rational surface but decreases rapidly away from it and ultimately becomes constant.
The total RMP-induced radial electron density and thermal diffusivities are obtained by summing over all the relevant m, n magnetic field components:
As indicated in the last forms, since the n = 3 components will be assumed to be dominant for the RMPs applied to the DIII-D pedestals [11] , the sum is simplified to just the m/3 components. However, the magnetic-flutter-induced electron transport effects of the n = 1, 2 error and C-coil fields should in general be added in here as well. In situations where the radial electron thermal diffusivity χ e varies significantly with radius, the average radial transport flux and hence maximum T e gradient is dominated by regions where χ e is smallest [36] . To demonstrate this simply, note that in the pedestal region there is little local heating. Hence electron heat mainly just flows radially through it [19] . Thus, the local electron temperature gradient in the pedestal region is determined by the radial heat flow P cond divided by the radial conductive electron heat flow speed V |∇ρ| 2 n e χ e at that radius [19] :
The T e gradient will be largest where n e χ e is smallest. Hence, from (22) and (15), the relevant function for assessing the effect of the spatially varying χ RMP e (ρ) on the electron temperature gradient profile and average radial transport is 1/ mn F m/n (x).
The effective RMP-induced radial electron thermal diffusivity in the DIII-D edge will now be estimated in the region between the 10/3 and 11/3 surfaces for the resistive MHD f scr 30 and visco-resistive f scr 4 cases. Since the distance 1/k θ 6.7 cm is 2.4 times the distance 1/nq 2.8 cm between rational surfaces, there are about 6 relevant RMP components to consider: 8/3, 9/3, 10/3, 11/3, 12/3 and 13/3. For a simplest possible estimate it will be assumed that these components: 1) have equal vacuum amplitudes δB vac r m/n /B 0 3.3 × 10 −4 on their respective rational surfaces, 2) have the same δ ( 0.22 cm) thermal diffusivity layer widths on their rational surfaces, 3) are equally spaced in the edge region and 4) the electron density n e does not vary significantly between the 10/3 and 11/3 rational surfaces. With these assumptions, (16) 
In the resistive MHD case in which f scr 30 one obtains C scr 1. Since this yields a spatially constant F m/n 1, the sum over the 6 relevant components in this case just yields 6. Hence, (22) [14] . Figure 6 shows a plot of the inverse of the relevant F m/3 factors and the inverse of their sum between the 10/3 and 11/3 rational surfaces for the f scr = 4 screening factor case. Since this case has C scr 7.6, the F 10/3 and F 11/3 factors vary a lot between these rational surfaces. In this simplified model the maximum in the inverse of the sum of the 6 relevant factors occurs half way between adjacent rational surfaces. Hence, the maximum electron temperature gradient also occur there and the minimum gradients occur at the rational surfaces, as illustrated in Fig. 7 .
The predicted T e profiles in Fig. 7 have been obtained by integrating Eq. (23) inward from the ρ 11/3 rational surface assuming for illustrative purposes that T e (ρ 11/3 ) 1 keV. For the f scr = 30 resistive MHD flow-screening model [14] the constant electron temperature gradient here is dT e /dρ (1/6) keV/[ρ 10/3 − ρ 11/3 ], which yields χ Figure 7 . Schematic illustration of the predicted electron temperature (keV) profile in the ∼ 1/nq 2.8 cm between the 10/3 and 11/3 rational surfaces for the f scr = 30 (resistive MHD model [14] ) and the f scr = 4 visco-resistive MHD model [15] .
between adjacent rational surfaces where 1/ m F m/3 0.11, the estimated RMPinduced radial electron thermal diffusivity is χ [15] . If a substantial magnetic island with
was present on either of the rational surfaces highlighted in Fig. 7 , the T e profile would be flattened [37] up to a distance of W pl /2 away from the rational surface, and the predicted averageχ RMP e would be increased somewhat further.
Comparisons of flutter transport theory to experimental data
The predictions of the flutter-based model of radial electron transport in the preceding section will now be compared both qualitatively and quantitatively with the RMP effects data discussed in section 2. Two generic predictions of the model agree with the DIII-D data. First, the increases of the T e and n e gradient scale lengths induced by the RMPs scaling approximately with I 2 coil as shown in Fig. 3 agrees with In addition, the peaking of the T e and n e gradient scale length ratios at Ψ N 0.955 shown in Fig. 3 agrees qualitatively with the model's predictions: a strong decrease of χ
e /n e Z eff and decreased magnitudes of the δB ρ m/n in the pedestal's steep gradient region (Ψ N > ∼ 0.97), and generic r m decreases of the m/3 RMP-induced magnetic components for Ψ N < 0.9. However, these arguments alone probably do not explain the experimentally observed narrow q 95 ∼ 3.5 resonance window for RMP stabilisation of ELMs in the DIII-D ISS discharges [11, 12] .
Also, since the RMP-induced flutter electron transport becomes negligible in the lower T e region of the steep gradient region of the pedestal, other processes probably govern the qualitatively different electron transport there -perhaps non-ambipolar electron density transport [26, 38] induced by open-field-lines (because extended MHD dissipative layer widths exceed the rational surface spacing there?) plus dominant paleoclassical radial electron heat transport [39] there.
Finally, the modest RMP-induced increase in the ion thermal diffusivity χ i , which could be due mainly to changes in the anomalous plasma transport caused by RMPinduced reductions in the T e and n e gradients, is much smaller than the electron χ e increases in the 5.2 kA I-coil case. This agrees qualitatively with the much smaller parallel and consequently radial transport processes by ions than electrons in the flutter transport model where χ from a combination of the general forms in (22) , (15) and (18), 2) there was less flow screening on the 10/3 or 11/3 rational surfaces, or 3) the plasma response physics was different for some of the m/3 components and this caused a different radial structure and larger magnitude of the RMP-induced δB pl r m/3 (x) profiles near Ψ N = 0.95. The last two possibilities could provide interpretations for the narrow q 95 ∼ 3.5 resonance window observed for ELM stabilisation [11] if the plasma response to the RMP 10/3, 11/3 and/or 12/3 components were larger in the vicinity of Ψ N = 0.95 than the analytic response function in (3) that was used in making the estimates ofχ RMP e in this paper. The effects of the tokamak magnetic field geometry are important for precise quantitative predictions. A theoretical model of them is currently being developed [40] . Since the electron collision length λ e 350 m is very long compared to the poloidal periodicity length along field lines of 2πR 0 q 37 m, the electron responses to RMP fields should be averaged over the magnetic flux surface. Also, since |B 0 (θ)| varies significantly over a flux surface (factor ∼ 2 for the DIII-D pedestals), so does the v (θ) of circulating ("untrapped") electrons in the RMP-drive term in the flutter driftkinetic equation (6) . Further, this DKE should be solved with a more precise Lorentz Coulomb collision operator rather than with the adapted Krook model being used here. Finally, because of the large inverse aspect ratio (∼ 0.33 for DIII-D pedestals) and the nearness of the pedestal region to the magnetic separatrix, the details of the tokamak magnetic field geometry are important both in the representation of RMP-induced magnetic perturbations in the plasma including finite aspect ratio toroidal coupling effects and in the kinetic analysis of the electron plasma transport induced by them. While the various toroidal geometry effects modify the numerical coefficients and radial structure of χ m/n e somewhat, they yield approximately the same qualitative behaviour for χ RMP e [40] . Precise tests of this magnetic flutter model of RMP-induced plasma transport will require using realistic flow-screened RMP-induced profiles δB pl ρ m/n (x) in the evaluation of the general forms of the model predictions in (22) , (15) and (18) for the edges of specific H-mode discharges. The needed RMP profiles in the edge plasma can be obtained from the extended MHD modeling codes. Such more precise evaluations might allow resolution of the apparently lower magnitude and weak q 95 resonant sensitivity of the present model predictions. They would also facilitate exploration of triangularity, beta feedback control and other experimentally observed influences on the RMP-induced effects on the pedestal structure and ELM suppression.
The final question is: How do these RMP effects on plasma transport and consequently plasma profiles in the tokamak edge stabilise ELMs in these low collisionality DIII-D plasmas? The RMPs have been shown to mainly reduce the T e gradient at the top of the pedestal with smaller decreases in the n e and T i gradients there. The relevant plasma profiles in the ideal MHD based P-B mode theory are the total plasma pressure gradient and bootstrap current profiles in the entire pedestal region. Apparently, the reductions in the plasma pressure gradient in the pedestal top region caused primarily by the RMP-induced reductions in the T e gradient there are sufficient to move the edge plasma below the P-B stability boundary (see Fig. 6g in Ref. [10] ).
The preceding discussion of RMP-flutter-induced plasma transport has been concerned with its effects on low collisionality DIII-D pedestals. The key effects are that: 1) (theoretically) while the radial transport can be very large near the rational surfaces and flatten the T e profile there (see Fig. 7 ), the predicted averageχ RMP e is dominated by the minimum diffusivity midway between rational surfaces; and 2) (experimentally) the largest T e profile changes occur in narrow resonant regions of q 95 , apparently due (theoretically) to increased δB pl ρ m/n 10/3, 11/3 and 12/3 RMP responses near Ψ N ∼ 0.95. The model's predictions are somewhat different for the higher collisionality RMP experiments in DIII-D [9, 41] , NSTX [42] and AUG [43] where the electron collision frequency ν e is typically an order of magnitude (or more) larger. This causes the various dissipative layer widths (δ, δ , W T e c ) to increase significantly. Most importantly, δ becomes comparable to the distance between rational surfaces, which causes the RMPinduced parallel flow and heat flux responses to not be so large near rational surfaces and to overlap radially. In such high collisionality cases q 95 resonance effects are less likely and the predicted RMP-induced electron thermal diffusivity scales roughly as χ 2 . Also, the RMP-induced transport effects are probably not concentrated at the pedestal top but instead are likely to permeate throughout the entire plasma edge region. Detailed studies of these effects could contribute to an understanding of why ELMs can be resonantly suppressed in low collisionality DIII-D H-mode pedestals whereas ELMs are only mitigated (or changed into smaller, more frequent ELMs) in higher collisionality H-mode pedestals.
Summary
This paper has explored both experimentally and theoretically the effects of RMPs on plasma transport and the resulting plasma profiles in the edge of low-collisionality Hmode tokamak plasmas, such as those in DIII-D [10, 11, 12] . Experimentally, the main RMP effects are increases in the electron temperature gradient scale length L T e at the top of the pedestal approximately proportional to the square of the RMP strength (I-coil current), with factor of about three smaller effects on the n e gradient scale length.
Flow screening of RMP fields in the edge is predicted to be operative in these pedestals and reduce the possibility such fields could produce magnetic island overlap, stochastisation of the magnetic field there and resultant Rechester-Rosenbluth transport [17] . Thus, an alternative magnetic-flutter-type [16] model of RMP-induced plasma transport has been developed using a periodic cylinder screw pinch magnetic field model. The model predictions agree with some key aspects of the experimental data: the electron diffusivities scale with the square of the RMP strength and the increases in the electron thermal diffusivity are a factor of about three larger than the electron density diffusivity. However, the predicted magnitude of the electron thermal diffusivity is estimated to be roughly a factor of 3-8 smaller than the experimentally-inferred value. This simple model's predictions would be improved and could become larger if extended MHD modelling results for the flow-screened RMP-induced magnetic perturbations in the plasma were used. Also, the q 95 3.5 resonance condition for RMP stabilisation of ELMs [11] is apparently not predicted by the simplified estimation procedure used here. However, it might be if the plasma response to the 10/3, 11/3 and/or 12/3 RMP components were larger and perhaps different from this model's analytic RMP-induced δB pl ρ m/n profile in flow-screened pedestal regions given by (3) .
More work is needed on the development and testing of this new magnetic flutter model of RMP-induced plasma transport for both the low collisionality DIII-D pedestals [10, 11, 12 ] studied here and higher collisionality pedestals [9, 41, 42, 43] . A fully toroidal rather than cyclindrical screw pinch model of flutter transport is being developed [40] . Realistic extended MHD modeling of flow-screening of RMP fields in the edge plasma needs to be developed for particular cases such as the 5.2 kA I-coil case discussed here and used to more precisely estimate the RMP-induced plasma transport in the edge region for both low and high collisionlity pedestals. Also, studies are needed of the likely different RMP-induced plasma transport properties in the steep gradient region of low collisionality pedestals (where the n e gradient is weakened by RMPs but the T e gradient increases) to clarify why they are so different from those at pedestal top.
